The aerodynamics of flapping wing micro air vehicle (FMAV) is significantly affected by the wing kinematics, primarily by the wing flapping and pitching. Designing the patterns of wing kinematics is an effective way to modulate the lift and thrust. This paper aims to investigate the aerodynamic effects of different combinations of flapping and pitching wings of biplane FMAV. We conducted three numerical simulations on biplane flapping wings using the computational fluid dynamics (CFD) method. Overset mesh technique was employed to improve the computational efficiency. Numerical simulation results showed that the thrust directly benefits from wing pitching, which also influences the lift. Explanation of this phenomenon was discussed. This work is highlighted by the insights into asymmetric wings pitching and the effects of it on the aerodynamic performance.
INTRODUCTION
Flapping wing micro air vehicle (FMAV) has been an active research field ever since this concept was first brought up by US Defense Advanced Research Projects Agency (DAPAR) in 1997 [11] . It usually operates at a Reynold number ranging within10 ~10 . Consequently, laminar surrounding the vehicle separates easily, whereas insects or birds can interact their wings with the flow to exploit unsteady flow mechanism for the aerodynamic forces. This phenomenon inspired researchers brought out several simplified flapping devices [4, 9, 10, 13, 16] .
According to the wing configuration, these FMAVs can be divided into three categories, namely biplane wings, single wing and tandem wings. The wing kinematics of single wing FMAV has been extensively studied. Ellington's seminal work [6] qualitatively show that the insects alternate the amplitude and direction of stroke angle to accelerate and turn the flight direction. Dickinson explored the effects of wing rotation on the aerodynamics of insect flight [5] . Ansari used computational fluid dynamics (CFD) method to study the effects of wing kinematics parameters on the aerodynamic force. By timing the wing rotation reversal, lead or lag, Ansari explained the phenomenon of enhancement or degeneration in aerodynamic force caused by the phase of wing rotation reversal [1] . Erzincanli investigated the effects of wing kinematic parameters, including wing rotation phase, the angle of attack, the heave angle and stroke amplitude, of the single wing FMAV in hovering on the near wake topology [7] . All of the previous studies conclude that wing kinematics directly influences the unsteady flow around flapping wings, especially the starting and shedding of leading-edge vortices, which dominates the unsteady aerodynamic force.
Compared with single wing FMAV, biplane wings FMAV has its advantage. Tay assessed the aerodynamic performance of insectsize biplane FMAV and found that biplane configuration is more efficient than the single wing FMAV in propulsive performance and generates lower vibration, making it suitable for image capture [14] . Furthermore, he performed a numerical simulation to investigate the effect of the relative distance and angle of attack between airfoils and its tail on the overall propulsive efficiency, thrust and lift [12] . However, in the matter of wing kinematics of biplane FMAV, most of the work focused on the clap-and-fling (also called as clap-and-peel) mechanism, which is initially found in insect [3] and mainly studied in single wing FMAV [8] .
Researchers usually turned to this clap-and-fling mechanism to explain the lift augmentation of biplane wings FMAV. For example, Armanini considered this unsteady mechanism to get more precise quasi-steady aerodynamic model [2] . Apparently, there is still a lack of knowledge on wing kinematics of biplane flapping wings. Insufficient research on complex wing kinematics of biplane FMAV may be caused by the under-actuated degrees of freedom of wings in practice.
From the viewpoint of wing kinematics, clap-and-fling is a wing motion with two degrees of freedom, which includes wing flapping and pitching. In theory, biplane FMAV can independently modulate each degree of freedom of upper or lower wing motion. To better understand the role of each freedom of movement of the wing, we investigated the aerodynamics of the biplane FMAV in three combinations of upper and lower wing pitching. Its effects on lift and thrust were analysed, and asymmetric wing pitching was highlighted.
RESEARCH METHOD 2.1 Model simplification
The FMAV in this study is biplane wing configuration (Figure 1 ) as Delfly II [4] . All the four wings share the same shape and size ( Figure 2 ). The wings have 2 degrees of freedom (DoF): active flapping around the longitudinal axis of the body with an angle and passive pitching around the wing leading edge with an angle (Figure 3) . The 2-DoF wing motion is described as Eqs. (1) and (2),
where ϕ (t) is the flapping velocity, ( ) is the pitching velocity. is the flapping frequency, is the time. θ is the magnitude of the flap angle. α is the pitch angle amplitude. In current study, θ is 26° and is 8°. 
. 2-DoF wing motion
For convenience in latter discussing, the 2-DoF wing motion (Eq. (1), (2)) was plotted in Figure 4 . In this paper, three kinematics pattern are considered. Each pattern is a combination of flapping and pitching motion as shown in Table 1 , where flapping represents Eq. (1) and pitching represents Eq. (2). +1 indicates the movement in Figure 4 , -1 indicates the opposite direction of the kinematic component in Figure 4 , and 0 means the absence of the degree of freedom. Either the upper or lower wing starts to flap at = and = −1/2 , respectively. In the meantime, the wing pitches, if this degree of freedom available, at = 0°. 
Numerical method
Overset mesh technique is used in Computational Fluid Dynamics.
Since the right and left wings move symmetrically, only the right half computational domain is computed. The volume of cylindrical background mesh is * ℎ, where is the radius of 1.2 m, and ℎ the height of 1.9 m. The computational background domain (yellow in Figure 5 ) meshes with the polyhedral grid. The base size of grids is 40 mm, and the minimum size of the element is 20 mm, with a growth rate of 1.3. Since the flow field is complex in the vicinity of wings, a region in the core of cylinder background grids is refined using a hexahedral grid with a size of 2 mm. The dimension of the refined computational domain is * ℎ. is the radius of the bottom circle, equaling to 1.2 ( is the mean length of chord equaling to 60 mm). Each wing is encapsulated within the overset mesh (red in Figure 5 ), whose dimension is 1.2 * 0.3 * 1.5
. The overset mesh is same with refined background computational domain in grid size and type. 
where is the density of air, is the semi-span length of the wing, is the air viscosity, is the reference velocity. For the hovering FMAV with flapping frequency of 15 Hz, the wing tip velocity is chosen as reference velocity. The Reynolds number is around 3 × 10 . The dimensionless three-dimensional time-dependent incompressible unsteady Navier-Stokes equations are Eqs. (4) ~ (7) .
, , are three components of the dimensionless velocity and is the dimensionless pressure. A second-order upwind scheme is used for spatial discretisation. An implicit unsteady solver is selected, and the temporal discretisation is limited to the first-order accuracy. The pressure-velocity coupling is achieved with the SIMPLE scheme. The calculations are performed in still air, and the wing motion is prescribed through superposing motion.
The pressure outlet boundary condition is applied on all the sides of the domain except for the cross-section at the longitudinal symmetric plane of FMAV, where symmetric plane boundary condition is applied. At the wing surface, wall boundary condition is enforced which means that the fluid on the wall surface will move with the same velocity as the wall. The -turbulence model is used to cater for the turbulence effects. The lift and thrust coefficients are defined as (8) and (9) respectively:
where is the lift, is the thrust, is air density, is the wing tip velocity and is wing area. And the resultant force is:
RESULTS AND DISCUSSIONS
Firstly, the grid sensitivity was analysed. Then, we presented the time histories of lift and thrust under the condition of three kinematics Last, its effects on lift and thrust were investigated.
Grid sensitivity analysis
In this section, we analysed the grid sensitivity to determine the grid resolution to produce accurate force data. For this purpose, thrust calculated with different grid base size, i.e. 0.04m, 0.03m and 0.02m, were compared. Figure 6 shows the thrust coefficients over three flapping cycles for different grid resolutions. Changing the grid size does not have a significant effect on the force data. Only the plots annotated in dotted circles deviate slightly. Based on the sensitivity analysis, the base size of background grids was set up 0.04 m. Figure 7 shows the transient lift and thrust in the second period of a hovering FMAV. For simplicity, we did not make the time dimensionless.
Aerodynamics of kinematics patterns

Thrust
In the thrust plot of Figure 7 , for FMAV in symmetric pitching (Table 1) , its wings start to rotate around leading wing edge on t=0.082s ( Figure 4) . Accordingly, the thrust (annotated in red) begins to change. Meanwhile, the FMAV in no pitching (Table 1) has no change in thrust (blue). In contrast, the thrust (green curve) of FMAV with asymmetric pitching (Table 1 ) also develops as the FMAV in symmetric pitching. It is indicated that the thrust of biplane FMAV relates to its wing pitching. The evolving vortices can explain the thrust caused by wing pitching. Figure 8 shows the FMAV, when pitching its wings symmetrically, will produce vortices between upper and lower wings (annotated in the dotted frame). When the vortices translate to the trailing edge at t=0.1240 s, the thrust reaches near its negative maximum ( Figure 7 ). We could also find trailing edge vortices in Figure 10 (annotated in the dotted frame). In contrast, for FMAV with no pitching (Table 1) , almost no vortices form and drop at the trailing edge (in the dotted frame of Figure 9 ). 
Figure 7. Lift and thrust coefficients during the second kinematic period
An interesting phenomenon is that both thrust curves (red and green curves in Figure 7 ) evolve in the same trend, only different in magnitude. This phenomenon may be a shred of evidence that wing pitching leads to the thrust of FMAV.
It follows from these results that wing pitching induces vortices between the upper and lower wings, which in turn leads to dynamic thrust along the longitudinal axis of FMAV body.
Lift
In the lift plot of Figure 7 , the lift of FMAV with pitching (red curve) or without pitching (blue curve), keeps flat all the time. Note that in both situations, the upper and lower wings underwent symmetric motion. In contrast, lift of FMAV in asymmetric pitching (Table 1 ) changes (green curve). We can infer from time histories of lift that symmetry of wing motion cause zero lift and asymmetric wing motion leads to changing lift.
For FMAV whose wing motion is symmetric, with or without wing pitching, the wing surface pressure distributes equally on the upper and lower wings ( Figure 11, Figure 12 ). As a result, the net lift approximates to 0. On the other hand, for the case of asymmetric wing pitching, pressure on the upper wing surface varies from that of the lower wing. Consequently, the lift integrated over the upper wing does not cancel that of the lower wing, which results in a net lift in the vertical direction.
The physics underlying the pressure contours of wing surfaces is vortex dynamics. The vortical formation, evolution and shedding. As the wings underwent asymmetric motion, the vortices in the vicinity of upper or lower wing evolved differently. In Figure 10 , the vortices separate from the upper wing surface, whereas the vortices on the lower wing surface continue to grow and are ready to detach. Accordingly, wing surface pressure differs between the upper and lower wing ( Figure 13 ). This asymmetry of wing motion exists throughout the period, which causes the lift to fluctuate all the time. Table 2 summaries the time-averaged force coefficients for the three kinematics patterns. Compared with symmetric or asymmetric pitching cases, the magnitude of the resultant for no pitching case is almost 0. For symmetric pitching case, the thrust is dominant. These two conclusions derived from the time-averaged coefficients coincide with the phenomena in Figure 7 and provide evidence that pitching leads to thurst and symmetry causes to zero lift. However, for asymmetric pitching case, lift and thrust coexist. FMAV in asymmetric pitching generates about 50% less thrust than symmetric pitching. Despite the resultant of asymmetric pitching case decreases by 42%, the direction of resultant deviates upward ( Figure 14) . The resultant vectors of aerodynamics for three each kinematics patterns are presented in Figure 14 . Figure 14 shows that biplane FMAV undergoing three different wings kinematics have different aerodynamic resultant vectors, which extends the understanding of the way FMAV control its flight. Unlike single wings FMAV which regulates the pitching phase to control flight forces [5] , biplane wings FMAV can independently control the pitching motion of upper and lower wings, and consequently modulate its pitch angle when hovering. Moreover, the pitch angle directly relates to the angle of attack (AoA) of FMAV in forward flight. Since AoA significantly influence the lift and thrust coefficient of FMAV [15] , the biplane wings FMAV can manipulate its flight path in longitudinal plane by switching among different asymmetric pitching cases in theory.
CONCLUSION
In this study, the aerodynamics of biplane wings FMAV in hovering with three different wing kinematics patterns was discussed. The time-averaged lift, thrust and resultant were compared. We found that wing pitching affects the thrust of biplane wings FMAV, and asymmetric pitching of upper and lower wings causes lift. By modulating the asymmetry of its upper and lower wings, the biplane wings FMAV can alternate the aerodynamic resultant to adjust its attitude when hovering. These findings extend our knowledge on the wing kinematics of biplane wings FMAV and provide us with a way to manipulate the attitude without a tail, which may improve the manoeuvrability as well as simplify the controlling mechanism such as tails appear in [12] . However, the current study does not involve asymmetric wing motion caused by the amplitude and phase angle of upper and lower wings for biplane wings FMAV. Therefore future work should include the aerodynamic effect of these asymmetric wing motion parameters and the evaluation of the efficiency of different kinematics patterns.
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